Batch experiments were conducted to study the effect of small organic acids (citric, oxalic and acetic) on the removal of phosphate anions from aqueous systems using synthesized goethite as the adsorbent. The results showed that phosphate anion adsorption was most significantly inhibited by citric among the three organic acids studied. Phosphate anion adsorption was affected at pH values below 6.5. The relationship between citrate anionpromoted goethite dissolution and citrate anion-suppressed phosphate anion adsorption in equilibrated goethite-phosphate anion-citric acid systems with different contact orders was studied. The results indicated that there is an obvious correlation between the suppression of phosphate anion adsorption and the dissolution of goethite. It is proposed that competition for binding sites play a key role in the reduction of phosphate anion adsorption by citric acid.
INTRODUCTION
Not only can phosphorus provide an additional nutrient for the growth of photosynthetic macroand micro-organisms in aquatic bodies, but its presence also leads to an eutrophication problem especially in enclosed water bodies (Klapper 1991; Spears et al. 2006) . The removal of phosphate anions can be an effective method for the control of eutrophication in natural waters. The adsorption and desorption of phosphate anions onto mineral surfaces, especially those of iron and aluminium (hydr)oxides in soils and sediments, influences the mobility and bioavailability of phosphate anions in terrestrial and aquatic systems (Guzman et al. 1994) . Anions of dissolved natural organic acids (e.g. formate, acetate, lactate, oxalate, malonate, malate, succinate and citrate) in these systems may interact with metal (hydr)oxides, thereby changing the sorption characteristics of the metal (hydr)oxide surfaces (Stumm 1992) . Natural small organic acids have been observed to affect phosphate anion adsorption and desorption (Hawke et al. 1989; Gu et al. 1994) .
The effect of small organic acids on phosphate anion adsorption and desorption is generally interpreted by two mechanisms: (1) competition for binding sites between phosphate anions and organic species and (2) phosphate anion release caused by organic species-enhanced dissolution of metal oxides (Stumm 1992) . Geelhoed et al. (1998) observed a decrease in the adsorption of both phosphate and citrate anions when the two species were brought into contact simultaneously with goethite. These workers suggested that direct competition for binding sites was an important factor for the decreased adsorption of phosphate and citrate anions. In the presence of small organic acids, an increase in the mobility of phosphate anions was observed for soils with a high content of iron and aluminium (hydr)oxides on which the phosphate anions were adsorbed (Afif et al. 1995; Hue 1991) .
The effectiveness by which phosphate anions are desorbed from soils and metal (hydr)oxides depends on the number of carboxyl groups in the acid (Hue 1991). However, only a few data are available regarding the pH-dependent competitive interaction between phosphate anions and organic acids/anions on metal (hydr)oxides (Violante et al. 1991) . On the other hand, the dissolution of oxide mineral surfaces occurs in a variety of geochemical processes which influence the cycling of toxic substances in aqueous environments (Casey and Ludwig 1996) . Reichard et al. (2007) suggested that the dissolution of oxides is probably controlled by two independent parallel processes, viz. proton-promoted and ligand-promoted processes. Johnson and Loeppert (2006) observed a correlation between iron dissolution and phosphate anion release during the initial stages of the 24-h citrate anion reaction with ferrihydrite. Hence, a study of the influence of small organic acids on phosphate anion adsorption might provide a better understanding of the interaction of organic matter and phosphate anions on metal (hydr)oxides.
The objectives of the present work were (1) to investigate the competitive adsorption of phosphate anions and small organic acid anions (acetate, oxalate and citrate) onto goethite and the influence of pH and the initial concentration of phosphate on such competition; (2) to investigate the relationship of goethite dissolution and suppressed phosphate anion adsorption by varying the contact order of citrate and phosphate anions with the adsorbent; and (3) to shed more light on the mechanism of phosphate anion suppression by citrate anions through evaluating the role of competition for binding sites on phosphate anion adsorption.
MATERIALS AND METHODS

Reagents
All the chemicals used in the study (NaH 2 PO 4 , CH 3 COONa • 3H 2 O, Na 2 C 2 O 4 • 2H 2 O, Na 3 C 6 H 5 O 7 •2H 2 O, Fe(NO 3 ) 3 •9H 2 O, etc.) were of A.R. grade and used without further purification. All the solutions were prepared using de-ionized water. All glassware was cleaned by rinsing with hydroxylamine hydrochloride, soaking in 10% HCl and then rinsing with de-ionized water.
Synthesis of goethite
The goethite used in this study was synthesized from ferrous sulphate using the method described by Lakshmipathiraj et al. (2006) . Thus, 100 mᐉ of a 2.0 mol/ᐉ solution of sodium lauryl sulphate was added to a 0.5 mol/ᐉ solution of ferrous sulphate under continuous stirring. Sodium carbonate (2.0 mol/ᐉ) was added to the ferrous sulphate solution through a burette under stirring conditions until the slurry attained a pH value of 10.0. At this juncture, ferrous ions were precipitated as ferrous carbonate in the form of a pale green precipitate. An aliquot of sodium hydroxide (2.0 mol/ᐉ) was added further to the slurry to raise the pH to 12.0. Oxygen was then passed through the solution using a perforated glass impinger and employing a scrubbing rate maintained at 2.0 ᐉ/min. Under these conditions, the ferrous carbonate precipitate partially dissolved to produce ferrous hydroxide and the oxidation conditions triggered the formation of another compound known as Green Rust Carbonate (GRC1). With the onset of further oxidation, GRC1 was oxidized to iron oxyhydroxide (α-FeO • OH). Oxygen scrubbing was maintained for a period of 12 h. Subsequently, the precipitate was filtered and washed with copious amounts of de-ionized water to remove any excess alkali. The resulting wet cake was dried in a vacuum oven at 60 ºC for 9 h when a fine iron oxyhydroxide powder was obtained which was retained for the subsequent adsorption studies. Powder X-ray diffraction data (measured via a Rigaku D/max-r B diffractometer between 2θ values of 10º and 70º using Cu Kα radiation) revealed that the synthesized solid was pure goethite. No evidence for other iron (hydr)oxide phases was detected with this technique. The specific surface area and pore volume of the goethite were estimated using an ASAP 2000 Micromeritics BET Surface Analyzer and were found to be 90.6 m 2 /g and 0.41 cm 3 /g, respectively.
Adsorption experiments
Phosphate anion adsorption experiments were conducted at 20 ºC in batch reactors with a volume of 50 mᐉ employing a goethite solid concentration of 500 mg/ᐉ. The concentrations of acetate (CH 3 COO -), oxalate (C 2 O 4 2-) and citrate (C 6 H 5 O 7 3-) anions were 3.0, 1.5 and 1.0 mmol/ᐉ, respectively, based on the same amount of carboxyl groups. Goethite was pre-equilibrated in 0.01 mol/ᐉ NaNO 3 solution employing a rotary platform shaker at 20 ºC for 24 h to fully hydrate the goethite surface. The suspensions were adjusted to the targeted pH and equilibrated for another 2 h. Phosphate anions and other co-occurring organic acid solutions with the same pH values were simultaneously introduced into the goethite suspensions and the pH of each system maintained at a constant value (through adjustment with dilute 0.1 mol/ᐉ HCl or 0.1 mol/ᐉ NaOH) throughout the adsorption tests. The resulting samples were agitated continuously on a rotary platform shaker for 24 h at 20 ºC, after which they were centrifuged at 4000 rev/min for 10 min followed by filtration of the supernatant through a 0.22 µm pore-sized membrane filter. The filtrates thus obtained were analyzed for their residual phosphate anion and iron contents. Such concentrations were measured using a Varian AA240 (HG-AAS) atomic absorption spectrophotometer.
Adsorption of phosphate anions in the presence of citrate anions was carried out employing various different addition orders for the adsorptives. Thus, the phosphate anions were first added to the pre-equilibrated goethite suspension and the mixture agitated at 20 ºC for 24 h. Then, the citrate anion solution was added and the resulting system agitated for a further 24 h. This system is designated below as (phosphate-goethite)-citrate. In the second set of experiments, the same procedure was applied but citrate anions were first brought into contact with the goethite. This system is designated below as (citrate-goethite)-phosphate.
Potentiometric titrations
The pH pznpc (point of zero net proton condition) of the synthesized goethite was studied by acid-base potentiometric titrations, according to the method described previously (Duc et al. 2006) . Such titrations were performed using a Cyberscan pH 510 electrode (EUTECH, America) that had been calibrated with three buffers (at pH values of 4.01, 6.86 and 9.18, respectively) using 0.01 mol/ᐉ HNO 3 and NaOH solutions as the titrants. Titrations were carried out using 0.2 g solid in 100 mᐉ of a 0.1 mol/ᐉ solution of NaNO 3 under nitrogen at 20 ºC. The effect of acetate, oxalate or citrate anions on the pH pznpc of goethite was measured by titrating pre-loaded goethite. This goethite was prepared by equilibrating the solid in 3.0 mmol/ᐉ acetate, 1.5 mmol/ᐉ oxalate and 1.0 mmol/ᐉ citrate solutions for 24 h in the presence of 0.1 mol/ᐉ NaNO 3 as the background electrolyte. When the pH drift was < 0.01 per min at a given titration point, the system was considered to have attained equilibrium. Blank titrations were carried out in the same manner employing solutions of equivalent electrolyte compositions in the absence of goethite.
RESULTS AND DISCUSSION
Phosphate anion adsorption in the presence of acetate, oxalate and citrate anions
The effects of acetate, oxalate and citrate anions on the adsorption of phosphate anions were investigated under different conditions as detailed below.
Effect of the initial phosphate anion concentration
Phosphate anion solutions at initial concentrations of 1.0, 3.0, 6.0, 9.0, 12.0, 15.0 and 18.0 mg/ᐉ (in terms of their P concentration) were treated with 500 mg/ᐉ of goethite at a pH value of 4.5. Figure 1 shows the effect of varying the initial phosphate anion concentration on the amount of Initial phosphate anion conc., C 0 (mg/ ) Amt. of phosphate anions adsorbed (mg/g) phosphate anions adsorbed. It will be seen that the amount adsorbed increased as the initial concentration of phosphate anions increased. It can also be seen that the presence of the acetate anion in the system had little effect, while citrate and oxalate anions decreased the phosphate anion adsorption at lower initial phosphate anion concentrations. At higher initial phosphate anion concentrations, the presence of oxalate or citrate anions led to a significant decrease in the extent of phosphate anion adsorption, while the acetate anion had almost no effect. Compared with oxalate, citrate anions exhibited a more significant inhibition of phosphate anion adsorption. A possible explanation for the different effects of small organic acid anions on phosphate anion adsorption at high and low initial phosphate anion concentrations is that, at smaller initial concentrations, the phosphate anion is very tightly bound to specific P-binding sites, thereby making its desorption difficult via ligand-exchange with the organic ligands. However, once these high-affinity sites are filled, any additional phosphate anions might be bound somewhat less strongly to other P-adsorption sites and they might possibly be competitively desorbed by ligandexchange with the organic ligands (Katz and Hayes 1995; Scheidegger and Sparks 1996) .
To obtain an insight into the role of binding-site competition by acetate, oxalate or citrate anions in affecting phosphate anion adsorption, the pH corresponding to zero net proton condition (pH pznpc ) of goethite was determined by acid-base potentiometric titrations in the presence and absence of adsorptives. Generally, specifically adsorbable anions shift the pH pznpc towards higher pH values (Lakshmipathiraj et al. 2006; Stumm and Morgan 1996) . Figure 2 shows the acid-base titration curves of goethite and organic acid anion-adsorbed goethite. The pH pznpc shifts are in the Phosphate Anions Adsorption onto Synthetic Goethite 889 order citrate > oxalate > acetate, which indicates that the citrate anion had the highest affinity towards goethite relative to the acetate or oxalate anion. Filius et al. (1997) also found that, at pH < 7.5, more citrate anions were adsorbed by goethite than other organic acid anions such as oxalate, phthalate, malonate or lactate. Similar results were also reported by other researchers (Filius et al. 2000; Simeoni et al. 2003) . Of the three organic acids examined in the present work, the greatest suppression of phosphate anion adsorption by citrate anions may possibly be attributed to the fact that these anions had the strongest affinity towards the goethite surface, a result which is consistent with those of previous studies (Bauer and Blodau 2006; Geelhoed et al. 1998 ). Hence, from the above, it may be suggested that competitive adsorption plays an important role in decreasing the extent of phosphate anion adsorption onto goethite.
Effect of the initial pH value
The effect of the initial pH value (maintained constant throughout the adsorption tests) on the adsorption of phosphate anions onto a goethite surface in the presence of acetate, oxalate or citrate anions was studied employing initial phosphate anion concentrations of 1.0 mg/ᐉ and 12.0 mg/ᐉ. The results obtained are depicted in Figure 3 . From the results depicted in the figure, it is apparent that both acetate and oxalate anions had little effect on phosphate anion adsorption at 3.5 < pH < 7.5, whilst the presence of citrate anions led to a decrease in phosphate anion adsorption at acidic pH values, with this effect diminishing at pH ≥ 6.5
[ Figure 3 (a)] for an initial phosphate anion concentration of 1.0 mg/ᐉ. For an initial phosphate anion concentration of 12.0 mg/ᐉ, the presence of acetate, oxalate or citrate anions decreased the extent of phosphate anion adsorption at 3.5 < pH < 6.5, with the citrate anion exhibiting a more significant effect than acetate or oxalate anions. At pH ≥ 6.5, acetate anions had no effect on phosphate anion adsorption, while citrate and oxalate anions exhibited little effect [ Figure 3(b) ].
The pH-dependence of the suppressive effect of citrate anions on phosphate anion adsorption is probably related to the difference in the mode of citrate anion adsorption at different pH values, i.e. via the formation of an inner-sphere complex in mildly acidic solutions or via the formation of an outer-sphere complex in mildly alkaline solutions (Lackovic et al. 2003) . Similar mechanisms have also been proposed for the adsorption of other organic acids (phthalate and benzene carboxylates) onto goethite (Persson et al. 1998; Boily et al. 2000) . In contrast, other workers have shown that phosphate anions are specifically adsorbed onto iron oxides such as goethite through an inner-sphere complex via a ligand-exchange mechanism at both acidic and alkaline pH values (Manning and Goldberg 1996) . From the results for citrate anion adsorption onto goethite at different pH values (Figure 4) , it may also be seen that the adsorption of citrate anions onto goethite decreased with increasing pH. Hence, the adsorption of phosphate anions would be suppressed more significantly under acid pH conditions.
Effect of addition order on the adsorption of phosphate anions and goethite dissolution
The adsorption of phosphate anions onto goethite at initial pH values of 4.5 and 7.5 was also examined employing different contact orders for the citrate and phosphate anions. At a pH value of 4.5, the presence of citrate anions led to a decrease in the amount of phosphate anions adsorbed onto goethite. This inhibition of phosphate anion adsorption was markedly influenced by the addition order of the phosphate and citrate anions to goethite. When citrate anions were added first, greater inhibition was observed than when phosphate anions were introduced first into the system. The ability of citrate anions to diminish phosphate anion adsorption onto goethite followed the addition sequences: (citrate-goethite)-phosphate > (phosphate-goethite)-citrate > Initial phosphate anion conc., C 0 (mg/ ) Initial phosphate anion conc., C 0 (mg/ )
(mg/ )
Dissolved goethite conc.
(a) (b)
